The underlying genetic changes that regulate the appearance and disappearance of 28 repeated traits, or serial homologs, remain poorly understood. One hypothesis is 29 that variation in genomic regions flanking master regulatory genes, also known as 30 input-output genes, controls variation in trait number, making the locus of 31 evolution almost predictable. Other hypotheses implicate genetic variation in up-32 stream or downstream loci of master control genes. Here, we use the butterfly 33
genes. 48
We examined the number of dorsal hindwing eyespots (DHEN) on all offspring 184 from 18 separately reared families whose parents differed in eyespot number: six 185 families where both parents had DHEN of zero (0F x 0M); six where both parents 186 had DHEN of one (1F x 1M); and six where both parents had DHEN of two (2F x 187 2M). All generations were reared in the conditions described above. We ensured 188 virginity of the females by separating the butterflies in the parental generation into 189 sex-specific cages on the day of eclosion. All families were started within 5 days of 190 each other using adults ranging from 1-3 days old. While initial adult age ranged 191 from 1-3 days, the average age was consistent across the three DHEN To minimize the identification of false genotype-to-phenotype relationships, only 314 areas of the genome displaying both association and FST outliers were used for 315 further analysis. The use of both metrics simultaneously ensured that the 316 relationships observed are method agnostic. This multi-metric approach, 317 including a combination of association and FST outliers, has been utilized 318 repeatedly to identify genomic regions associated with domestication in both dogs association for all variants (Fig. S1 ). Significant peaks were defined as areas of the 325 genome with SNPs containing association and FST 6 standard deviations above the 326 genome-wide mean. A second threshold was established for variants with p-value 327 association and FST at least 7 standard deviations above the mean. We explored all 328 annotated genes within a 500 kb window centered around outlier SNPs, and 329 especially under the strongest associated peak area. To identify direct effects of the 330 outlier SNPs over the genes within these windows, we annotated the variants using 331 corroborates that the observed genomic diversity lacks potential substructuring 340 that could impact our outlier identification. To do this, we randomly selected a 341 subset of 5000 filtered variants from the Stacks catalog and made them into a 342 
Linkage disequilibrium analysis 377
In addition to ordering the B. anynana scaffolds to the H. melpomene genome for 378 assessing the genomic linkage of SNPs, we calculated linkage disequilibrium in our 379 B. anynana study population. To calculate linkage disequilibrium for genomic 380 SNPs, we phased 213,000 SNPs that were genotyped in all samples using beagle Zero spot females were only produced by 0x0 families and one 1x1 family, and were 395 absent from any 2x2 DHS families. Zero spot males, however, were produced by 396 all 0x0 families, all but one of the 1x1 families and all but one of the 2x2 families. 397
Two spot females were produced by all but one (a 0x0) family, while 2 spot males 398 were produced by all 2x2 families, but only two 1x1 families and one 0x0 family 399 (Table 1 ). These results demonstrate that alleles are sufficiently segregating in our 400 experimental design to perform heritability estimates. To confirm the absence of substructure in our study population, we calculated 413 measures of genetic variation and diversity between the samples displaying 414 presence of DHEN (pre) and samples with absent DHEN (abs). As expected, the 415 two groups showed very little genome-wide genetic divergence, with a genome-416
wide FST equal to 0.0075. The absence of any population substructure between the 417 two sampled phenotype groups was further demonstrated by complete overlap of 418 the two groups in the PCA as well as little contribution of phenotype group to the 419 observed variation in first and second Principal Components ( Fig. 2A) . 420
Additionally, we observed very similar genome-wide nucleotide diversity in the 421 group displaying presence of DHEN (pre, π = 0.0090) when compared to the group 422 20 with absent DHEN (abs, π = 0.0083). Hence, we do not observe any apparent 423 demographic substructuring of the study population that could potentially bias our 424 genetic association analysis. Further, potential relatedness of individuals in our 425 sampling was controlled for by the addition of a relatedness matrix in the 426 generation of the linear mixed model used for testing association. 427
428
After calculating genome-wide estimates of linkage disequilibrium decay ( Fig. 2B) , 429
we observed a max smoothed r 2 value of 0.272, and a halving of r 2 within 470 kb 430 with DHEN variation at least 6 standard deviations above the mean FST and 443 association estimates. These SNPs span 28.5 Mb (6.01 %) of the reference genome 444 assembly ( Fig. 3 ). When using a more stringent threshold at 7 standard deviations, 445
we observe a total of 28 outlier SNPs in 8 scaffolds, spanning 7.78 Mb (1.64%) of 446 21 the genome. Ordering these scaffolds along the contiguously assembled 447
Heliconius melpomene genome suggests that the 25 scaffolds with outlier SNPs 448 above 6 standard deviations from the mean FST and association belong to 21 449 different regions in the genome, whereas the smaller subset of 8 scaffolds that have 450 outlier SNPs above 7 standard deviations belong to 6 different regions in the 451 genome ( Fig. 4) . 452 453
Candidate gene identification 454
Using the available Lepbase reference annotation for the B. anynana v1.2 455 assembly we identified the neighboring annotated genes and relative positioning 456 of the 99 outlier SNPs on the 21 genomic regions. We observed a total of 742 457 annotated genes within our 500 kb windows around the outlier SNPs 458
( Supplemental Table S2 ), of which 251 remained with the 28 outlier SNPs that are 459 above the higher 7 standard deviation threshold. Only 25 of these 742 genes 460 contained outlier SNPs in their introns or exons (Table 3, supplemental Table S2) . 461
On average, our outlier SNPs are 189 kb (±144 kb) from the nearest gene. This 462 suggest that a significant portion of our outliers are intergenic and potentially 463 associated with regulatory variants. Only a few SNPs mapped within a gene's 464 coding sequence, of which 9 resulted in synonymous and 2 in non-synonymous 465 mutations (Table 3 , Supplemental Table S2 ). Thus, in order to identify the most 466 promising candidate genes that may be linked to the non-coding associated SNPs 467 and regulating DHEN, we used our current knowledge of butterfly developmental 468 genetics and identified 35 such genes (Table 2, Figure 4 ). Among those, 7 469 candidates were previously associated with eyespot development, i.e., CDase, Dpp, 470
Antp, Ubx, Sal3, Cd63, and Syntaxin 7, and the remaining 28 are linked to eyespot 471 number variation here for the first time ( Table 2) . The latter include genes related 472
to Notch, Toll, and Ras signaling pathways, wing morphogenesis, dorso/ventral 473 pattern formation, and pigment biosynthesis and a number of molecules with 474 regulatory and signaling functions ( Table 2) . the genome due to a lack of demographic substructuring, and thus provides a 491 powerful system to detect associations between SNPs and the trait of interest 492
The combined results of our heritability and genome-wide association study 495 suggest that variation in dorsal hindwing eyespot number in B. anynana is a 496 complex trait regulated by multiple loci. Combining a RAD sequencing genotyping 497 approach with genome-wide population differentiation and association mapping, 498
we identified up to 21 and 6 genomic regions associated with DHEN variation in 499 B. anynana, at different levels of stringency (Figure 3 and 4) . Within the 21 500 genomic regions, we observed a total of 742 annotated genes (Supplemental Table  501 2), which we narrowed down to 35 potential candidates (Table 2) . Within the 502 stronger associated 6 genomic regions (Figure 4 ), we reduced the list of potential 503 candidate genes to a total of 11 (Table 2) In addition to the above eyespot-associated genes, we also identified a group of 28 559 candidates that have not been associated with eyespot development before. 560 However, many of these genes are part of signaling pathways previously associated 561 with eyespot development such as the Notch, Ras, and Toll signaling pathways 562 (Table 2 ) (Özsu and Monteiro 2017), and others with roles in wing morphogenesis, 26 A total of five genes (dlg1, numb, Taf2, Ero1L, and ct) implicated in our study 565 (Table 2) The gene ct is the only one of these genes with an associated SNP, causing a 571 synonymous mutation. The existence and role of these interactions are unknown 572 in B. anynana, as is the role of the Notch receptor itself. However, the Notch 573 receptor has a dynamic pattern of expression (Reed and Serfas 2004) that is very 574 similar to that of Distal-less, a gene that has recently been implicated in setting up 575 the eyespot centers likely via a reaction-diffusion mechanism (Connahs et al. 576 2019). Genetic variation at these three genes could be interacting with the eyespot 577 differentiation process through unknown mechanisms. 578
We also identified new members of the Ras and Toll signaling pathways that have 579 previously been associated with eyespot development (Özsu and Monteiro 2017). Table  627 3). One of these intronic variants is annotated as putatively affecting a splice region 628 within an intron in Chromodomain-helicase-DNA-binding protein Mi-2 homolog 629 (Mi-2; BANY.1.2.g12184). Moreover, we observed non-synonymous mutations in 630 two different genes: Nuclear pore complex protein Nup88 (mbo;
Future functional studies will be required to further implicate these genes in 635 eyespot development and eyespot number regulation. Monteiro 2018). The polygenic nature of our results proposes that genetic 668 variation at the loci identified above, e.g., Antp, Ubx, dpp, etc, rather than at the 669 apA locus itself regulates dorsal eyespot number. We can speculate that changes 670 in gene expression at the identified loci might impact the expression of apA in 671 specific wing sectors on the dorsal surface, ultimately controlling eyespot 672 differentiation in those regions. 673 674 Finally, the use of a genome-wide sequencing strategy allowed us to discover a 675 series of independent loci that appear to contribute to DHEN in B. anynana. These 676 loci, predominantly composed of (or linked to) polymorphisms in non-coding 677 DNA, suggest that changes in DHEN are mostly occurring in regions that regulate 678 the expression of previously known eyespot-associated genes. This study identifies 679 a polygenic architecture of hindwing eyespot number variation that might be most 680 likely mediated by epistatic interactions among a set of developmental genes. Thus, 681
while our work has enriched the list of genes involved in eyespot number variation, 682 it also confirms that variation at multiple genes, rather than at a single top master 683 regulator or input-output gene (such as shavenbaby or achaete-scute) is involved 684 in regulating number of serial homologs. This highlights a more complex, but still 685 poorly understood, genetic architecture for serial homolog number regulation. (Nowell et al. 2017 ). Distance to nearest SNP refers to the distance of each of the candidate genes to one of our identified SNPs in bp. Genes with SNPs inside their sequence have additional information describing the SNP annotation. Eyespot regulatory networks describes direct or indirect evidence on the role of each of our identified candidates within the gene networks responsible for eyespot development, in addition to suggested functions within this network. Genes were identified based on two possible association thresholds, as described in methods. 
BANY.1.2 gene ID Gene name

